Data have been compiled from the published literature on the partition coefficients of solutes and vapors into anhydrous sulfolane. The logarithms of the water-to-sulfolane partition coefficients, log P, and gas-to-sulfolane partition coefficients, log K, were correlated with the Abraham solvation parameter model. The derived correlations described the observed log P and log K values for solutes dissolved in sulfolane to within average standard deviations of 0.14 log units or less. The log P correlation was extended to include the partition of ions by inclusion of a cation-solvent and an anion-solvent term.
Introduction
Removal of aromatic hydrocarbons (benzene, methylbenzene, ethylbenzene and dimethylbenzenes) from aliphatic hydrocarbon mixtures (hexanes, heptanes and octanes) is a challenging chemical separation problem encountered in petrochemical processing. Distillation is often not a viable separation method due to the narrow range covered by the boiling point temperatures of the mixture components. Moreover, several combinations of aromatic and aliphatic hydrocarbons form azeotropic mixtures. Liquid-liquid extraction has proved to be a convenient means for aromatic hydrocarbon removal from such mixtures containing up to 65 % aromatic hydrocarbon content by mass. Extractive distillation is used for mixtures containing 65 % to 90 % aromatic hydrocarbon content, and for larger amounts of aromatic compounds, one employs methods based on azeotropic distillation. Sulfolane, N-methylpyrrolidin-2-one, ethylene glycol, propylene carbonate and other polar organic solvents have served as the extraction solvent or as an additive to prevent azeotrope formation. The published chemical and engineering literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] report experimental liquid-liquid equilibrium data for ternary, quaternary and quinary aromatic hydrocarbon(s) + aliphatic hydrocarbon(s) + polar organic solvent mixtures to facilitate the design of extraction processes for aromatic hydrocarbon removal. Choice of the extraction solvent is an important design consideration.
The solvation parameter model of Abraham [15] [16] [17] is an useful approach for quantifying the solubilizing ability of organic solvents. The method relies on two linear free energy relationships (LFERs); the first for describing the solute water-to-organic solvent partition coefficient, P, log P = c + e·E + s·S + a·A + b·B + v·V (1) and the second for describing the solute partition coefficient into the organic solvent from the gas phase, K, log K = c + e·E + s·S + a·A + b·B + l·L (2)
The independent variables, or solute descriptors, in Eqns. 1 and 2 are properties of the neutral solutes as follows: [9, 10] [17] , including several of the polar organic solvents (ethylene glycol [18] , propylene carbonate [18] , N-methylpyrrolidin-2-one [19] and N-formylmorpholine [19] ) in the separation of aromatic hydrocarbons from aliphatic hydrocarbons.
We recently extended our Abraham model log P equations to include partition coefficients of ions and ionic species [18, [20] [21] [22] [23] [24] :
log P = c + e·E + s·S + a·A + b·B + v·V
we use the latter term to describe anions derived from acids by loss of a proton, and cations derived from bases by acceptance of a proton. [18, [20] [21] [22] [23] [24] . Anion coefficients have been reported also for N,N-dimethylformamide, N,N-dimethylacetamide, nitrobenzene and nitromethane. [20] Sulfolane is an important extraction solvent for which we have now developed an Abraham model correlation. The aim of the present work is to collect experimental data from the published literature on the partition coefficients of neutral solutes from water and from air into sulfolane, and to derive Abraham model log P and log K correlations. As part of the present work we have calculated the j + and j -equation coefficients for sulfolane from published single ion transfer properties computed from electrochemical measurements and solubility data.
Data Sets and Computation Methodology
Most of the experimental data that we were able to retrieve from the published literature pertained to the Raoult's law infinite dilution activity coefficient, γ solute  , for solutes dissolved in anhydrous sulfolane [25] [26] [27] [28] [29] [30] [31] . The activity coefficients were determined by an inverse gas chromatographic method from retention time measurements of solutes on a liquid sulfolane stationary phase. Measurements were performed at 298 K or at slightly higher temperatures. In the latter case, each research group made measurements at two or more column temperatures.
The measured γ solute  values were extrapolated back to 298 K assuming a ln γ solute  versus 1/T linear relationship. Henry's law constants were also found for carbon dioxide [32, 33] , nitrous oxide [32] , sulfur dioxide [34] , ethane [35] and hydrogen sulfide [33] in sulfolane.
In order to apply the Abraham model, the infinite dilution activity coefficients and Henry's law constants needed to be converted to log K values through Eqns. 4 and 5
or to log P values for partition from water to solvent through Eqn. 6 where Kw is the gas to water partition coefficient.
In Eqns. 4 and 5, R is the universal gas constant, T is the system temperature, P solute o is the vapor pressure of the solute at T, and V solvent is the molar volume of the solvent. The calculation of log P requires knowledge of the solute's gas phase partition coefficient into water, K w , which is available for all of the solutes being studied [36] [37] [38] . The experimental log K and log P values at 298 K for anhydrous sulfolane are listed in Table 1 , along with the corresponding literature references. As an informational note, the calculated log P values for anhydrous sulfolane refer to a hypothetical partition coefficient. Even though hypothetical, these log P correlations are still quite useful in that predicted log P values can be used to estimate the solute's infinite dilution activity coefficient or molar solubility in anhydrous sulfolane for those solutes for which the solute descriptors are known During our search of the published literature we also found experimental solubility data for several crystalline carboxylic acid solutes (benzoic acid, 2-methylbenzoic acid, 3-methylbenzoic acid, 2-chlorobenzoic acid, 4-chlorobenzoic acid, 2-nitrobenzoic acid, 4-nitrobenzoic acid and 4-aminobenzoic acid) dissolved in both anhydrous sulfolane and in water [39] . In the case of crystalline solutes, the partition coefficient between water and the anhydrous organic solvent is calculated as a solubility ratio
of the solute's molar solubilities in the organic solvent, C S , and in water, C W . The calculated log P value is converted to log K through Eqn. 6.
Molecular descriptors for all of the compounds considered in the present study are also tabulated in Table1. The tabulated values came from our solute descriptor database, and were obtained using various types of experimental data, including water-to-solvent partitions, gas-tosolvent partitions, solubility and chromatographic data. [15] [16] [17] [18] [19] 
Results and Discussion
We have assembled in Table 1 log K and log P values for the partitioning of 77 solutes between the gas phase and sulfolane, and between water and sulfolane. The solutes considered are mostly simple volatile aliphatic compounds, plus eight substituted benzoic acid derivatives.
Numerical values of the solute descriptors covered by the data set range from: E = -0.060 to E = 1.075; S = 0.000 to S = 1.650; A = 0.000 to A = 0.940; B = 0.000 to B = 0.600; V = 0.281 to V = 1.518; and L = -0.836 to L = 5.916. Regression analysis of the tabulated experimental values in Table 1 gave the following two mathematical expressions: The c-coefficient in the log P correlation was found to be negligible (c = -0.008), and was removed from the final correlation. All regression analyses were performed using SPSS statistical software. The standard errors in the calculated coefficients are given in parenthesis.
Here and elsewhere, N corresponds to the number of solutes, R denotes the correlation coefficient, SD is the standard deviation and F corresponds to the Fisher F-statistic. Both correlations describe the experimental water-to-sulfolane partition coefficient data (Eqn. 8) and gas-to-sulfolane partition coefficient data (Eqn. 9) to within a standard deviation of SD = 0.14 log units for experimental values that cover ranges of about 6.0 and 11.2 log units, respectively.
Graphical comparisons of predicted versus observed values are given in Figures 1 and 2 .
We note that the descriptor E plays little part in the analyses in the two correlations, and the major cross-correlation amongst the other descriptors is that between S and A with R 2 = 0.472. In the correlation for log K, when the term s·S or a·A is removed the equation collapses and the F-statistic decreases from 4486 to 466 or 323. Hence both S and A must be retained. The situation is different for the correlation for log P. If the term s·S is removed, the F-statistic decreases from 1262 to 1094, but if the term a·A is removed the F-statistic increases to1421;
then if the term e·E is also left out, F increases to 1918, the resulting equation being, Although this is statistically the best equation for log P, as judged by the F-statistic, it is very useful to retain all five descriptors for purposes of comparison with equations for other processes.
In order to assess the predictive ability of Eqns. 8 and 9 we divided the data points into a training set and a test set by allowing the SPSS software to randomly select half of the experimental data points. The selected data points became the training sets and the remaining compounds that were left served as the test sets. Analysis of the experimental data in the log P and log K training sets gave: [41] . The former are the more consistent and are the ones we shall use.
These single ion values refer to 303 K rather than to 298 K [42] . Single ion enthalpies of transfer are no more than about 20 kJ mol -1 [40] , and our inclusion of the 303 K data in the data set should lead to an error of no greater than 0.06 in log P, probably less than the experimental error.
Ludwig et al. [43] have determined pK a values for a large number of benzoic acids in sulfolane and in water. These can be used to calculate values of log P for the benzoate ions, log P(A - benzoic acids studied by Ludwig et al. [43] , we left out benzoic acid itself and 4-nitrobenzoic acid which were outliers by 0.84 and 0.80 log units respectfully. Our fitted value of -11.55 for log P(H + ) compares reasonably well with the only literature value available of -12.08 log units [43] . Use of the latter would not affect the results significantly. For the five anions (other than the benzoates) in Table 2 , the standard deviation between observed and calculated values is 0. 
The present study shows that the correlations derived from the Abraham solvation parameter model describe the transfer of neutral molecules and ions into sulfolane from both water and from the gas phase to within standard deviations of 0.14 log units (neutral molecules) and 0.22 log units (ions), respectively. The derived correlations are expected to provide reasonable predictions of log P and log K for those solute molecules and ions for which Abraham solute descriptors are known, provided that the molecule's (or ion's) solute descriptors fall within the range of values used in deriving Eqns. 8, 9 and 14. 
